The purpose of this study was to validate the dose prescription defined to the gross tumor volume (GTV) 3D and 4D dose distributions of stereotactic radiotherapy for lung cancer. Treatment plans for 94 patients were generated based on computed tomography (CT) under free breathing. A uniform margin of 8 mm was added to the internal target volume (ITV) to generate the planning target volume (PTV). A leaf margin of 2 mm was added to the PTV. The prescription dose was defined such that 99% of the GTV should receive 100% of the dose using the Monte Carlo calculation (iPlan RT Dose TM ) for 6-MV photon beams. The 3D dose distribution was determined using CT under free breathing. The 4D dose distribution plan was recalculated to investigate the effect of tumor motion using the same monitor units as those used for the 3D dose distribution plan. D99 (99% of the GTV) in the 4D plan was defined as the average D99 in each of the four breathing phases (0%, 25%, 50% and 75%). The dose difference between maximum and minimum at D99 of the GTV in 4D calculations was 0.6 ± 1.0% (range 0.2-4.6%). The average D99 of the GTV from 4D calculations in most patients was almost 100% (99.8 ± 1.0%). No significant difference was found in dose to the GTV between 3D and 4D dose calculations (P = 0.67). This study supports the clinical acceptability of treatment planning based on the dose prescription defined to the GTV.
INTRODUCTION
Stereotactic body radiotherapy (SBRT) for non-surgical treatment of early-stage primary lung cancer has recently been investigated in clinical practice, during which several problems regarding lung cancer treatment planning have been identified [1] [2] [3] [4] [5] .
First, intrafractional tumor motion is significantly changed by respiratory motion. The development of 4D-computed tomography (CT) has made it possible to visualize breathing-induced tumor motion, shape and volume during a respiratory cycle. Respiration-induced tumor motion may result in considerable differences between the planned and actually delivered dose. Second, inhomogeneous corrections are reported to lead to larger dose differences for lung cancer patients [5] . Aarup et al. reported that dose differences to the target obtained using the Monte Carlo (MC) calculation and treatment planning systems using Pencil Beam calculation were influenced by lung density (0.4 to 0.1 g cm −3
) [6] . The third problem relates to dose prescription. The International Commission on Radiation Units and Measurements (ICRU) recommended the use of dose volume instead of point dose at the reference point [7] . Dose calculation to the planning target volume (PTV) is complicated, however, because it can be affected by low lung density. If the dose prescription is defined at the PTV, monitor units should be adjusted to allow sufficient PTV coverage.
On this basis, we defined that 99% of the gross tumor volume (GTV) should be covered by 100% of the prescribed dose (D99 = 100%) using the MC calculation. However, the dose should be calculated with confirmation that the dose prescription is defined to the GTV with tumor motion. The purpose of this study was to validate the dose prescription defined to the gross tumor volume (GTV) 3D and 4D dose distributions. Figure 1 shows the basic virtual phantom, which has a simulated GTV of 10 mm diameter with an equivalent water density of 1.0 g cm −3 . The density of the equivalent lung surrounding the GTV was defined as 0.25 g cm −3 . The selected GTV sizes were intended to represent the average target dimensions in lung cancer SBRT. The influence of GTV motion was investigated with motion amplitudes of 5, 10 and 20 mm. These amplitudes yielded the size of the internal target volume (ITV). The PTV was generated by adding a uniform margin of 8 mm to the ITV to account for setup uncertainties and mechanical inaccuracy. The treatment fields were conformed around the PTV. A leaf margin of 2 mm was added to the PTV, and the isocenter was positioned in the center of the PTV. The plan was calculated using the MC calculation in an iplan RT Dose, ver 4.1.2 (BrainLAB, Germany) treatment planning system. Beam energy for all plans were 6-MV photon beams, and gantry angles were 0°, 72°, 144°, 216°and 288°, which is consistent with simple SBRT treatment planning. Dose prescription was defined as D99 = 100% of the GTV at mid-expiration phase (mid-GTV). Delivered dose to the GTV with movement was validated using the end-expiration (ex-GTV) and end-inspiration (in-GTV) phases. The reference images were changed to evaluate the effect of movement of the GTV on dose distribution. All planning parameters (beam arrangement, leaf positions, isocenter position and monitor unit) remained unchanged. The MC calculation was performed using the full MLC geometry simulation 'Accuracy Optimized Model' with a spatial resolution of 2 mm and variance of 2%. Target coverage was evaluated in each breathing phase as dose to 99% of the volume of the GTV, determined as a dose volume histogram (DVH). D99 was used to represent minimal dose coverage. Delivered dose was defined as a given dose to the GTV, which was assigned a density of 1.0 g cm −3 in the breathing phase. Setup uncertainties were negligible.
MATERIALS AND METHODS
A total of 94 patients treated with SBRT between October 2010 and October 2011 were included in this analysis. Patient characteristics are shown in Table 1 . As a routine procedure for the planning of stereotactic radiotherapy, 3D-CT (General Electric Company, 4-slice Brightspeed QX/i scanner) was used to acquire a whole lung image series under free breathing using a system developed inhouse to suppress tumor motion, the 'Air-bag System' [8] . The Air-bag System consists of a non-elastic air bag connected to a second smaller elastic air bag. The first air-bag is placed between the patient's body surface and a HipFix device (CIVCO, USA) and secured by a pressure adjustment via the elastic air-bag. 4D-CT was performed to more accurately determine tumor shape, volume and position at different phases of the breathing cycle. The CT images had a slice thickness of 2.5 mm with a gantry rotation time of 1.0 s. Each image was tagged with the corresponding phase of the respiratory cycle and then sent to the Advantage Workstation (General Electric Company, Waukesha, WI) using Advantage 4D-CT software. The 4D datasets were categorized into four phases of the respiratory cycle (0%, 25%, 50% and 75%), with 0% representing maximum inspiration. Image quality of the 4D-CT was sufficient for tumor evaluation in all patients. The visible tumor was delineated as the GTV in the CT pulmonary window of the 4D-CT images. The 3D tumor motion vector, which was individually measured in each direction, was calculated as follows:
where X was the lateral, Y was the anterior-posterior and Z was the cranio-caudal direction. The coordinate was placed at the center of the GTV in each breathing phase. Dose calculation for treatment planning was performed using 3D-CT images. Dose prescription was conformed to 99% of the GTV, as in the phantom study. Maximum dose within the PTV was less than 115% of the prescription dose. The number of beams was from five to eight with non-coplanar arrangements. All planning parameters on the reference plan of the 3D-CT images were copied to the four breathing phase 4D-CT images to recalculate the dose, which was influenced by breathing. D99 of the delivered dose to the GTV in the 4D plan in this study was defined as the average of each D99 for the four breathing phases. The 3D and 4D calculations were compared using the Student paired t-test, and tumor motion in the upper and lower locations were compared using the Student unpaired t-test. P-values <0.05 were considered statistically significant. The analyzed data were displayed as mean ± standard deviation with ranges in parentheses among 94 clinical plans. Figure 2 shows the dose distribution and dose-volume histogram (DVH) of the delivered dose to the ex-GTV, mid-GTV and in-GTV, calculated at the amplitude of 10 mm. Movement of the dose distributions was synchronized with tumor motion. Dose to the GTV was decreased close to the edge with the ITV. Dose distribution showed that the GTV received similar doses at the three breathing phases. The average D99 of delivered dose to the GTV with motion amplitudes of 5, 10 and 20 mm was 99.2%, 99.0% and 98.5%, respectively. Figure 3 shows a histogram of tumor motion with respiration. Tumor motion in patients with upper/middle lobe and lower lobe tumors, for which movement was greatest in the cranio-caudal direction, was 2.2 ± 1.9 mm (range 0.1-8.2 mm) and 6.2 ± 5.0 mm (range 0.1-21.4 mm), respectively (P < 0.05); that in the lateral direction was 0.9 ± 0.7 mm (range 0.1-3.6 mm) and 0.9 ± 0.6 mm (range 0.1-2.9 mm), respectively (P = 0.74); and that in the anterior- Tumor motion vector for patients with upper/middle and lower lobe tumors was 2.8 ± 1.9 mm (range 0.1-9.9 mm) and 6.3 ± 5.0 mm (range 0.1-22.0 mm), respectively, with this difference in tumor motion being significant (P < 0.05). All patients with upper/middle lesions exhibited between 0 and 10 mm of tumor motion. Tumor movement of more than 20 mm was seen in one patient, with a lower lobe tumor. Figure 4 shows the dose distribution and DVH of the delivered dose to the GTV for the four breathing phases for representative patients. The lower isodose lines hardly differ between breathing phases, while the higher isodose lines are synchronized with the tumor motion. D99 to the GTV in the 4D calculation was 99.7%, 99.9%, 100.3% and 100.0% at 0%, 25%, 50% and 75%, respectively. Dose to the GTV in the inspiration phase was slightly lower than that in the expiration phase. The dose difference between maximum and minimum D99 of the GTV in 4D calculations was 0.6 ± 1.0% (range 0.2-4.6%). Average D99 of the GTV in 4D calculations for most of the patients was almost 100% (99.8 ± 1.0%). No significant difference in dose to the GTV was seen between 3D and 4D dose calculations (P = 0.67).
RESULTS

DISCUSSION
Dose prescription in SBRT is defined by two major methods. The Japan Clinical Oncology Group (JCOG) and the Radiation Therapy Oncology Group (RTOG) have planned multi-institutional trials of SBRT for non-smallcell lung cancer [4] [5] . In the JCOG 0403 protocol, dose prescription is defined as the point dose at the isocenter of the PTV with inhomogeneous correction, such as the Pencil Beam convolution with Batho power law and Clarkson with effective path length correction, but this prescription is not accurate for dose calculations of lung cancer [9] . In contrast, the RTOG 0236 protocol defines dose prescription as the volume dose at the periphery of the PTV without inhomogeneous correction. These clinical trials reported around 90% of local control rates have been report [1] [2] [3] . Because these reports do not cover the test results of inhomogeneous correction, the actual dose delivered to the tumor cannot be accurately determined. Inhomogeneous corrections were necessary to prevent large discrepancies between planned and actual delivered doses to individual patients. Several studies of the accuracy of inhomogeneous correction employing various algorithms have been reported. Takahashi et al. reported that collapsed cone convolution and superposition calculation plans were close to the MC calculation plan and the actual dose distributions obtained in lung SBRT [10] . The external border of the PTV is covered by a lower isodose surface than that usually used in conventional radiotherapy planning, typically around 80% [11] [12] . Therefore, prescription dose was defined to the PTV, which was differently covered at 65% [11] and 80% [12] , with normalization to 100% at the isocenter in inhomogeneous correction. Monitor units and leaf margins should be adjusted to allow sufficient PTV coverage. This increases the amount of normal tissue in the field, however, which could lead to increased toxicity. The PTV is a tool designed to ensure that the tumor receives an adequate absorbed dose. The ICRU reported that PTV might not necessarily be useful for dose optimization [7] .
This study revealed that tumor motion influenced the GTV on inhomogeneous dose distribution using the MC calculation. Our present phantom study suggests that the actually delivered dose to the GTV was more stable than that expected from the planned dose, owing to the generation of secondary electrons from the tumor [11] . Additionally, the decreased dose to the GTV resulted from larger tumor motion, indicating the need for particular attention to the larger tumor motion induced by breathing. Nevertheless, no dose difference to the GTV between 3D and 4D calculations was observed for our present lung cancer patients because tumor motion was small. Seppenwoolde et al. measured 3D motion in 20 patients using a 2 mm gold marker implanted in or near the tumor during real-time imaging [13] . They reported that the greatest average amplitude of tumor motion in the cranial-caudal direction was 12 ± 2 mm for lower lobe tumors, and 2 ± 1 mm in both the lateral and anterior-posterior directions for upper and lower lobe tumors, respectively. The motion range of tumors for many patients can be suppressed to less than 5 mm using the Air-bag System. Abdominal compression has been widely used to minimize respiratory-associated tumor movement during SBRT to lung and liver tumors [14] . Abdominal compression can be used to suppress respiratory diaphragm motion, which leads to suppressed tumor motion [15] . The reduction in tumor motion may lead to a decrease in dose to the normal lung structure. An effective approach to resolving motion without increasing margins is to gate and synchronize the radiation to specific phases of the respiratory cycle [16] . Most lung cancer patients are elderly, and these techniques require a longer time for beam delivery, making it more difficult for patients as they must maintain normal breathing over the delivery time. We therefore selected the free-breathing technique using abdominal compression.
A dose difference between maximum and minimum at the D99 of GTV for each phase was >3% in eight patients. The tumor motion vector for these patients was 3.1 ± 1.9 mm (range 1.5-6.4 mm). Figure 5 shows the dose distribution at the worst case for end-inspiration and end-expiration phases, in which the tumor was located near the diaphragm. The delivered dose to the GTV at the end-inspiration phase was lower than that at the end-expiration phase. Dose distributions were different in each breathing phase, owing to secondary scatter generated from the diaphragm. Guckenberger et al. reported that the CTV was still covered by almost 100% of the dose under conditions of tumor movement, but the peripheral dose was reduced by the lowdensity material [11] . If the microscopic extension margin is added and dose prescription is defined to the CTV [17] , the CTV includes the low-density material, leading to a similar dose result to that for the PTV.
For a regular free-breathing CT simulation, images could be acquired at a random phase. Selection of the reference image for 3D calculation at the end-breathing phase, however, may result in a larger dose difference between the 3D and 4D dose calculations. In the case of 4D, we renormalized calculation to achieve an average delivered GTV dose of more than 100%. 4D treatment planning provides more accurate dose calculations to the tumor with regard to relative changes in shape, volume, position and density during respiration. Our approach to GTV for respirationinduced tumor motion achieved adequate tumor coverage and spared normal tissue.
CONCLUSION
We investigated the effect of respiratory motion on the delivered dose to the GTV in 4D dose distribution. No significant differences were found between 3D and 4D dose calculations in treatment planning for lung cancer patients using the MC calculation. Particular attention should be paid to not only tumor motion but also the structure around the tumor. This study supports the clinical acceptability of treatment planning based on the dose prescription defined to the GTV. 
